Background: Maintenance of long-lasting immunity is thought to depend on stem cell memory T cells (TSCM), which have superior self-renewing capacity, longevity and proliferative potential compared with central memory (TCM) or effector (TEFF) T cells. Our knowledge of TSCM derives primarily from studies of virus-specific CD8 + TSCM. We aimed to determine if infection with Mycobacterium tuberculosis (M. tb), the etiological agent of tuberculosis, generates antigen-specific CD4 + TSCM and to characterize their functional ontology.
Background: Maintenance of long-lasting immunity is thought to depend on stem cell memory T cells (TSCM), which have superior self-renewing capacity, longevity and proliferative potential compared with central memory (TCM) or effector (TEFF) T cells. Our knowledge of TSCM derives primarily from studies of virus-specific CD8 + TSCM. We aimed to determine if infection with Mycobacterium tuberculosis (M. tb), the etiological agent of tuberculosis, generates antigen-specific CD4
+ TSCM and to characterize their functional ontology.
Methods:
We studied T cell responses to natural M. tb infection in a longitudinal adolescent cohort of recent QuantiFERON-TB Gold (QFT) converters and three cross-sectional QFT + adult cohorts; and to bacillus Calmette-Guerin (BCG) vaccination in infants. M. tb and/or BCG-specific CD4 T cells were detected by flow cytometry using major histocompatibility complex class II tetramers bearing Ag85, CFP-10, or ESAT-6 peptides, or by intracellular cytokine staining. Transcriptomic analyses of M. tb-specific tetramer +
CD4
+ TSCM (CD45RA + CCR7 + CD27 + ) were performed by microfluidic qRT-PCR, and functional and phenotypic characteristics were confirmed by measuring expression of chemokine receptors, cytotoxic molecules and cytokines using flow cytometry.
results: M. tb-specific TSCM were not detected in QFT-negative persons. After QFT conversion frequencies of TSCM increased to measurable levels and remained detectable thereafter, suggesting that primary M. tb infection induces TSCM cells. Gene expression (GE) profiling of tetramer + TSCM showed that these cells were distinct from bulk CD4 + naïve T cells (TN) and shared features of bulk TSCM and M. tb-specific tetramer + TCM and TEFF cells. These TSCM were predominantly CD95 + and CXCR3 + , markers typical of CD8 + TSCM. Tetramer + TSCM expressed significantly higher protein levels of CCR5, CCR6, CXCR3, granzyme A, granzyme K, and granulysin than bulk TN and TSCM cells. M. tb-specific TSCM were also functional, producing IL-2, IFN-γ, and TNF-α upon antigen stimulation, and their frequencies correlated positively with long-term BCG-specific CD4 + T cell proliferative potential after infant vaccination.
inTrODUcTiOn Memory T cells have been classified into subsets, according to their phenotypes, functions and homing potential (1) . Antigenspecific central memory T cells (TCM, CD45RA − CCR7 + ) have been considered the main mediators of maintenance and expansion of T cell immunity, following secondary antigen exposure, due to their ability to differentiate into effector T cells (TEFF,  CD45RA − CCR7 − ), as well as their increased proliferative capacity and longevity compared with TEFF cells. This ontology of memory T cells has recently been revised to include a new subset termed stem cell memory T cells (TSCM). TSCM typically express CD45RA, CCR7, and CD27, and thus phenotypically resemble naïve T cells, but their co-expression of memory markers, such as CD95 and CXCR3, distinguish them from naïve T cells (2, 3) . Functional characterization of antigen-specific TSCM has predominantly focused on viral, parasitic, and tumor-specific CD8 T cells, identified by major histocompatibility complex (MHC) class I tetramers, or by non-specific and/or antigen specific stimulation (2) (3) (4) (5) (6) . These studies showed that TSCM characteristically possess excellent self-renewing capacity, longevity, proliferative capacity, relative to TCM and TEFF. Importantly, TSCM can also differentiate into TCM and/or TEFF cells (2) . CD8
+ TSCM are preferentially enriched in the absence of antigen (3), non-chronic states of infection (6) and among long-lived T cells induced by vaccination (7) . CD8 + TSCM were also essential for the re-establishment of Ag-specific memory responses after T cell depletion in cancer patients (8, 9) . As a result, TSCM T cells are considered as a potential target for vaccination against infectious diseases and T cell therapy for autoimmunity, that aim at inducing and maintaining longlasting T cell immunity capable of replenishing all T cell memory subsets.
Animal models of tuberculosis (TB) and human studies show that CD4 T cells, and especially those that have differentiated into antigen-specific Th1 cells, are necessary for immunological control of the intracellular bacterium, Mycobacterium tuberculosis (M. tb) [reviewed in Ref. (10) ]. Newborn vaccination against TB with the bacillus Calmette-Guerin (BCG) vaccine is efficacious against severe forms of TB, such as milliary and meningitic TB, in young children (11, 12) . Efficacy of BCG against pulmonary disease after childhood is variable and mostly poor (13, 14) . As a consequence, it has been proposed that waning of mycobacteriaspecific T cell memory responses and insufficient maintenance of protective CD4 + T cells may underlie the limited durability of BCG-induced protection (15, 16 participants with evidence of newly acquired M. tb infection, from the longitudinal Adolescent Cohort Study (25) . Parents or legal guardians of adolescents provided written informed consent and adolescents provided written informed assent. New M. tb infection was defined as a negative Tuberculin Skin Test (TST) (induration = 0 mm) and negative QFT test (IFN-γ < 0.35 IU/mL), followed by at least three positive QFT tests 6, 12, and 18 months later and a positive TST (induration > 10 mm) at 12 months.
We also performed new analyses of existing immune response data from healthy HIV-exposed but uninfected infant participants of a recently published clinical trial [see Ref. (26) 
Blood Processing and stimulation for intracellular cytokine staining assay
Peripheral blood mononuclear cells from adults were isolated by density gradient centrifugation (Ficoll histopaque, Lonza) from blood collected in sodium (Na)-heparin tubes (Greiner Bio-one) or heparinized blood bags. PBMC were analyzed fresh or cryopreserved in RPMI 1640 media (RPMI, Lonza) with 10% v/v dimethyl sulfoxide (DMSO, Sigma-Aldrich) and 45% v/v fetal bovine serum (Biochrom).
Whole blood intracellular cytokine staining (WB-ICS) assays were performed as described previously (26) (27) (28) . Briefly, 1 mL whole blood was either left unstimulated (negative control) or stimulated with phytohemagglutinin (at 10 μg/mL, positive control), peptide pools of Ag85B, ESAT-6, or CFP-10 (all 15mer peptides, overlapping by 10 aa at 2 μg/mL, GenScript) or BCG (≈1.2 × 10 6 CFU/mL, Statens Serum Institut) for 12 h or 7 days (BCG only, used at 1 × 10 5 CFU/mL). Thereafter, red cells were lysed and white cells fixed using FACS-Lysing solution (BD Biosciences), before cryopreservation in 10% DMSO in fetal calf serum.
Flow cytometry
Multiparameter flow cytometry panels were designed (Table S1 in Supplementary Material) to sort memory subsets as bulk or 
Mhc class ii Tetramers
Major histocompatibility complex class II tetramers conjugated to PE and/or APC were kindly provided by the National Institutes Cryopreserved PBMC were thawed into medium containing DNAse (50 IU/mL, Sigma-Aldrich), washed and stained with Violet or Aqua LIVE/DEAD Fixable Dead Cell Stain (ThermoFisher Scientific). Cells were then stained with anti-CCR7 antibody at 37°C for 20 min, washed and then stained with 2 µg/mL MHC class II-CFP10 tetramers (DRB1*04:01-CFP-1071-85, DRB5* 01:01-CFP-1051-65) at room temperature (RT) for 1 h. Cells were washed and stained with surface marker antibodies, according to Table S1 in Supplementary Material, for 40 min at RT in a total volume of 100 µL. Samples were acquired and sorted on a BD Bioscience FACS Aria I sorter using FACS DIVA software (Version 6).
Flow cytometry staining Protocol for PBMc (Panels 2-4)

Chemokine Receptor Staining
Cryopreserved or fresh PBMC were stained with antibodies to chemokine receptors (Table S1 in Supplementary Material) for 30 min at 37°C.
MHC Class II Tetramers Staining
During optimization experiments we noted that MHC class II tetramer staining of some samples yielded artifactual labeling which appeared to be fluorochrome-dependent. As a consequence, when necessary, PBMC were stained with two preparations of the identical tetramer, one conjugated to PE and the other to APC. This identified PE and APC double-positive cells, allowing rigorous identification of tetramer + CD4 + T cells. Tetramer staining was performed using mycobacteria-specific tetramers at a concentration of 2 µg/mL per tetramer preparations for 1 h at RT.
Phenotypic Marker Staining
Peripheral blood mononuclear cells were stained with fluorescently labeled antibodies to phenotypic markers and viability dye, according to Table S1 in Supplementary Material, for 30 min at RT, before washing and fixation with 1% paraformaldehyde (Kimix).
Intracellular Cytotoxic Molecule Staining
To stain for cytotoxic molecules, PBMC were fixed and permeabilized using the BD CytoxFix/Perm (BD Biosciences) according to the manufacturer's protocol. Permeabilized PBMC were then stained with fluorescently labeled antibodies to cytotoxic molecules, according to Table S1 in Supplementary Material, for 30 min at RT. This was followed by washing and fixation. Samples were acquired on a BD Bioscience LSRFortessa using FACS DIVA software (Version 8).
Flow cytometry staining Protocol for Whole Blood intracellular cytokine (WB-ics) assay (Panels 5-7)
Cryopreserved, fixed cells from the whole blood stimulation were thawed, permeabilized using Perm/Wash Solution (BD Biosciences), washed and stained with anti-CCR7 at 37°C for 20 min, followed by addition of the remaining antibodies, and staining on ice for 40 min.
high Throughput Microfluidic rT-qPcr on sorted T cells
Thirty cells (MHC class II tetramer
+ or bulk CD4 + T cells from each memory subset) were sorted into PCR tubes containing 5 µL CellsDirect 2× reaction mix, 0.5 µL SuperScript™ III RT/ Platinum ® Taq mix, 2.5 µL of pooled TaqMan GE primer-probe assays (at a concentration of 0.2× per assay), and 1 µL TE buffer (10 mM Tris, pH 8.0, and 0.1 mM EDTA). Selection of TaqMan assays was based on published literature of transcriptional profiles of T cell memory subsets (Table S2 in Supplementary Material). The amplification efficiency of each TaqMan GE assay was assessed as previously described (29) and found to be close to 100% (±10%, data not shown). Specific transcript amplification (STA) was performed using the following thermal profile: 20 min at 50°C to lyse cells and perform cDNA synthesis, followed by 2 min at 95°C, then 18 cycles of 95°C for 15 s and 60°C for 4 min. STA-cDNA samples were diluted fivefold and loaded onto a 96.96 Dynamic Array chip (Fluidigm) with TaqMan GE assays for qPCR using a BioMark HD System (Fluidigm) according to the manufacturer's protocol.
Data analysis
Flow cytometry data was analyzed using FlowJo (Tree Star) versions v9.7 to v10.1r.1, Pestle version 1.8, and SPICE version 5.2-5.3 (30) .
Threshold cycle (Ct) values were determined by the BioMark Real-time PCR Analysis software using linear derivative background correction and an amplification curve quality threshold of 0.65. We excluded data from sorted CD4 + T cells with undetectable levels (i.e., Ct = 40) of CD4 and/or B2M from our analyses. For ease of interpretation, Ct values were transformed to Et values (40 − Ct), because a higher Et value indicates higher mRNA levels. Relative mRNA transcript levels (delta Et) in tetramer + CD4 + T cells were derived by subtracting the B2M Et value from the Et values of the genes of interest, and average delta Et values were calculated from duplicate STA-cDNA samples.
The lower detection limit for tetramer + CD4 T cells measured by flow cytometry panels 2-4 (0.0021% of CD4 + T cells) was calculated as the median frequency of negative control tetramer + CD4 T cells plus the 95% confidence interval of the median absolute deviation of negative control tetramer proportions. In addition, frequencies of tetramer + CD4 + T cells had to be at least fivefold higher than frequencies of the corresponding control tetramer + CD4 + T cells. Chemokine and cytotoxic molecule expression profiles were assessed for cell subsets comprising 20 or more cells (e.g., tetramer
+ TCM or TEFF cells). Antigen-specific cytokine + cells expressing a TSCM (CD45RA + CCR7 + ) phenotype detected in the WB-ICS assay (panel 5) were typically very infrequent, and in some donors less than 10 cells of this subset were detected per sample upon background subtraction. As a result, we did not perform in-depth cytokine co-expression or Boolean analyses, and we report frequencies of CD4 + TSCM cells that express IFN-γ, TNF-α, and IL-2 in unstimulated and antigen-stimulated samples.
Statistical analyses were performed using GraphPad Prism v6/7, R version 3.0.1 or SPICE version 5.2-5.3 (30) . Specific statistical analyses are clearly defined where applicable. Differences in mRNA transcript expression between CD4 + T cell populations were computed using the Kruskal-Wallis or Mann-Whitney tests at a p-value threshold of 0.05 and a false discovery rate (FDR) threshold of 0.05 [Benjamini-Hochberg method (31) ]. Principal component analysis (PCA) plots and heat maps were generated using the prcomp and heatmap.2 functions in R. Differences in protein expression were computed using Kruskal-Wallis or Mann-Whitney tests. The Bonferroni and Benjamini-Hochberg (FDR < 0.05) methods were used to correct for multiple comp-arisons for up to four comparisons or more than four comparisons, respectively. Differences in pie charts depicting chemokine receptor and cytotoxic molecule co-expression profiles were calculated using non-parametric permutation test comparing the overall distribution between subset proportions using SPICE (30) .
cells are not naïve cD4 T cells
We previously observed mycobacteria-specific CD4 + T cells that expressed a CD45RA + CCR7 + naïve phenotype but exhibited features not consistent with TN, which we termed "naïve-like" CD4 + T cells. In four studies, we showed that these "naïve-like" CD4 + T cells expressed Th1 cytokines (17) (18) (19) (20) , functions characteristic of antigen-experienced T cells. Also, in another study (23), we detected "naïve-like" CD4 + T cells by MHC class II tetramer staining at frequencies that exceeded those typical of TN, at 1-5 cells/million CD4 T cells (32) (33) (34) Figure 1A) . Unsupervised hierarchical clustering based on expression of these 22 transcripts also showed that CFP10-tetramer + TNLM cells clustered with bulk CD4
+ TSCM cells, and expressed transcripts associated with antigen-experienced cells, such as TNF-α, IFN-γ, perforin, granulysin, granzyme A and K, CCL5 (RANTES), CCR4, and CCR5. By contrast, bulk CD4
+ TN cells did not express these transcripts and formed a discrete cluster (Figure 1B) Next, we determined whether CFP10-tetramer + TNLM exhibited a transcriptional profile distinct from M. tb-specific tetramer +
CD4
+ TCM and TEFF memory subsets. We compared the mRNA expression between the three M. tb-specific tetramer + CD4 + T cell subsets and selected 20 mRNA transcripts (p < 0.05 and FDR ≤ 0.2) for cluster analysis ( Figure 1C) . Unsupervised hierarchical clustering ( Figure 1C ) and PCA analysis ( Figure S2 in Supplementary Material) revealed substantial overlap in GE between the CFP10-tetramer + cell subsets, although CFP10-tetramer + TNLM appeared to cluster more closely with TCM cells than TEFF cells.
Since the GE profiles of M. tb-specific CD4 + cells with a naïve phenotype (CD45RA + CCR7 + CD27 + ) were distinct from TN cells and consistent with antigen-experienced, bulk TSCM, we concluded that these cells are M. tb-specific CD4 + TSCM cells.
M. tb-specific T scM cells are induced by Primary M. tb infection
We next determined whether antigen-specific CD4 + TSCM cells are induced during primary M. tb infection. We retrieved stored PBMC collected from adolescents before and after M. tb infection, as determined by negative QFT and TST tests, with subsequent test conversion at 6-and 12-month intervals, respectively (Figure 2A) . To track M. tb-specific CD4 T cells during acquisition of M. tb infection, we utilized MHC class II tetramers loaded with peptides of the M. tb complex-specific antigens, CFP-10 and ESAT-6. Dual staining with PE and APC-conjugated tetramers improved staining specificity ( Figure 2B ; Figure S3A Frequencies of M. tb-specific tetramer
, and TEFF (CD45RA − CCR7 − ) were below the limit for reliable detection at enrollment (month 0), demonstrating that circulating M. tb-specific TN are too rare to detect by direct ex vivo tetramer staining (Figures 2C-D) . After M. tb infection all three M. tb-specific memory subsets increased to detectable levels and remained detectable throughout established infection (Figure 2D) . Interestingly, frequencies of M. tbspecific TSCM and TCM remained relatively consistent throughout primary and established M. tb infection, while M. tb-specific TEFF peaked during the primary M. tb infection phase (month 6) and thereafter steadily decreased ( Figure 2D ). These data suggest that M. tb-specific TSCM are induced by M. tb infection and maintained at low but consistent levels in the peripheral blood once M. tb infection has been established.
M. tb-specific T scM express chemokine receptor and cytotoxic Profiles Distinct from Bulk T n and T scM cD4 T cells
Our transcriptomic analysis showed that bulk CD4 + TSCM and M. tb-specific TSCM cells expressed chemokine receptor and cytotoxic molecule transcripts, which were mostly undetectable in bulk TN cells ( Figure 1B) . Chemokine receptors mediate tissue homing and allow classification of memory CD4 cells into Th1, Th2, and Th17 lineages (35) (36) (37) Figure 3A) . A very small proportion of tetramer + CD4 T cells expressed CCR4 ( Figure 3A) . By contrast, expression of these chemokine receptors was negligible or not detected on bulk TN as expected of naïve cells (Figure 3B ), while CXCR3, CCR6, and CCR5 were expressed by a small proportion of bulk TSCM ( Figure 3B) Figure 3C ). Importantly, a small subset of M. tb-specific TSCM and >50% of bulk TSCM did not express any of the chemokine receptors ( Figure 3C) , a profile suggesting early T cell differentiation (36) . Virtually, all M. tb-specific CD4 TSCM cells expressed CXCR3, while CD95, a typical marker of CD8 TSCM cells (4, 39) , was expressed by approximately 75% of tetramer + CD4 + TSCM cells ( Figure 3C) Figure 3D) . Interestingly, about a quarter of M. tb-specific CD4 + TSCM expressed cytotoxic molecules, also dominated by granzyme A and K. These were generally not co-expressed by M. tb-specific CD4 + TSCM. By contrast, bulk TSCM expressed very low levels of cytotoxic molecules (Figures 3E,F) .
Increased expression of some chemokine receptors and cytotoxic molecules by M. tb-specific TSCM compared with bulk TSCM suggested that M. tb-specific TSCM are more phenotypically differentiated than bulk TSCM. We thus also compared chemokine receptor and cytotoxic molecule expression patterns by M. tb-specific TSCM with bulk TCM (CD45RA − CCR7 + CD27 M. tb-specific TSCM also expressed significantly higher levels of granzyme A and K than bulk TCM ( Figure S5B in Supplementary Material). However, TSCM expressed lower levels of all cytotoxic molecules except granzyme K than bulk TEFF cells. These data further support the finding that M. tb-specific TSCM cells are antigenexperienced memory cells with unique phenotypic and functional attributes that distinguish them from bulk TSCM cells, and are more similar to highly differentiated bulk TCM and TEFF cells.
M. tb-specific cD4 T scM are less Differentiated than M. tb-specific T cM and T eFF cD4 T cells
We then compared the expression of chemokine receptors and cytotoxic molecules between M. tb-specific tetramer + CD4
+ TSCM cells and the other tetramer + CD4 + T cell memory subsets. Virtually all cells among the three M. tb-specific memory subsets expressed CXCR3, as has been previously reported for M. tb-specific CD4 + T cells, although TCM displayed the highest proportion of CXCR3 + cells, compared with M. tb-specific TSCM and TEFF cells (Figure 4A) . A significantly lower proportion of M. tb-specific TSCM expressed CCR6 than either M. tb-specific TCM or TEFF cells, while a minority of M. tb-specific TSCM and TCM expressed CCR5 or CCR4. As expected, virtually all M. tb-specific TEFF cells were CCR5 + and CCR4
− . An increase from single to triple chemokine receptor co-expression profiles was observed when M. tb memory cells were ordered according to their expected differentiation sequence, from TSCM to TCM to TEFF cells (Figure 4B ; Figure S5A This was also observed when expression of the cytotoxic molecules granzyme A and K was assessed. Proportions of M. tb-specific TSCM cells expressing granzyme A and/or K were lower than TCM expressing these cytotoxic molecules, which in turn were lower than M. tb-specific TEFF cells ( Figure 4C) . Proportions of M. tb-specific TEFF expressing both granzyme A and K were also higher than those observed in M. tb-specific TCM and TSCM CD4 + T cells (Figure 4D ; Figure  S5B in Supplementary Material).
Taken together, these data show that M. tb-specific TSCM possess the least differentiated M. tb-specific phenotypic and functional profile, and suggest that M. tb-specific TCM cells appear as an intermediate subset before cells differentiate into M. tb-specific TEFF CD4
+ T cells. + T cells co-expression grnA, grnB, grnK, granulysin, and/or perforin, denoted by arcs. p-Value was calculated using non-parametric permutation test comparing the overall distribution between pies. 
M. tb-specific T scM cD4 T cells express Th1 cytokines
Studies of CD8 + (and CD4 + ) TSCM have shown that TSCM have limited cytokine expression capacity that is dominated by IL-2 and TNF-α in responses to non-specific stimulation (2, 3, 5) . To determine if this is also true for mycobacteria-specific TSCM, we re-analyzed available data from stimulated whole blood (WB-ICS, Figure S6A in Supplementary Material) from a previously published cohort of QFT + adults (28) . Significantly higher frequencies of IFN-γ, TNF-α, or IL-2 cytokine-expressing CD4 TSCM cells, defined as CD45RA + CCR7 + , were detected in blood stimulated with BCG, or peptide pools spanning either Ag85B or CFP-10, compared with unstimulated blood (Figure 5 )-refer to Supplementary Information for the justification for using CD45RA + CCR7 + as a marker for TSCM by cytokine-expressing CD4 + T cells ( Figure S7 in Supplementary Material). This was, however, not observed in blood stimulated with ESAT-6.
In summary, cytokine production by mycobacteria-specific CD4 + TSCM cells is not restricted to IL-2 but includes TNF-α and IFN-γ.
Bcg-specific T scM cell Frequencies are associated with cD4 + T cell Proliferative capacity A key feature of TSCM is long-term maintenance of proliferative capacity in the absence of antigenic stimulation (2) . To determine whether vaccine-induced CD4
+ TSCM contribute to T cell longterm proliferative potential, we analyzed available data from a recently completed clinical trial in infants, who received BCG vaccination (26) . Frequencies of BCG-specific CD4 + TSCM and TCM cells, but not TEFF cells, positively correlated with proliferative potential of BCG-stimulated CD4 + T cells 10 months after BCG vaccination (Figure 6 ). These results suggest that vaccineinduced TSCM contribute to long-term memory and proliferative capacity of the vaccine-induced T cell response to mycobacteria.
DiscUssiOn
We performed in-depth analyses of the kinetics, phenotype and functional characteristics of M. tb-specific CD4 + TSCM cells during natural M. tb infection. Our data show that CD4 + TSCM induced by M. tb infection in humans, predominantly express CD95 and CXCR3, are distinct from naïve T cells and possess phenotypic and functional profiles consistent with M. tb-specific CD4 + T cells at an early stage of differentiation (36) . These data supplement our current knowledge of TSCM cells, which has primarily been derived from studies of virusspecific CD8 T cells (2-4, 7) . CD4 + M. tb-specific TSCM were induced during primary M. tb infection and maintained throughout established M. tb infection at low frequencies. This phenomenon is highly characteristic of the stem cell nature of long-term memory cells such as TCM and potentially TSCM cells, where asymmetrical cell division maintains both the overall proportions of these memory cells and the pool of more differentiated effector memory subsets (40, 41) .
The transcriptomic profile of M. tb-specific TSCM cells overlapped substantially with bulk CD4 + TSCM. However, protein expression of chemokine receptors and cytotoxic molecules distinguished bulk from M. tb-specific TSCM. Our data show that M. tb-specific TSCM cells possess unique phenotypic and functional profiles that share more similarities with bulk TCM and TEFF memory cells than bulk TSCM cells. This might suggest that M. tb-specific TSCM are exposed to chronic antigen stimulation, which is probably not the case for all TSCM specific for other pathogens, resulting in a more differentiated chemokine and cytotoxic molecules expression pattern. Whether this increased phenotypic differentiation profile is unique to M. tb-specific CD4 TSCM cells requires further investigation. Consistent with published findings (21), we found that M. tb-specific cells were predominantly CXCR3 + , a Th1 associated chemokine receptor (42) . This was accompanied with relatively high CCR5 and CCR6 expression, chemokine receptors associated with activation (43) and Th1/17 T cells (44) , respectively, but low expression of the Th2 associated CCR4 (42) . The predominant CXCR3 expression by M. tbspecific TSCM is suggestive of Th1 lineage, which we confirmed on a functional level by showing that mycobacteria-specific TSCM not only produced, IL-2 but also TNF-α and IFN-γ and, to a lower extent, cytotoxic molecules.
Our data suggested that M. tb-specific TSCM had different cytokine expression patterns depending on the M. tb antigen recognized. For example, Ag85B-specific TSCM produced only ESAT-6 mRNA was maintained at high levels throughout these infection stages (45) . We also recently showed differential degrees of T cell differentiation of Ag85B and ESAT-6-specific CD4 T cells in M. tb-infected mice and humans (46) . Expression of only IL-2, a cytokine associated with homeostatic proliferation and early T cell differentiation, by Ag85B-specific TSCM thus may + TSCM can be induced by vaccination, and whether they are associated with long-term memory responses and protection, as observed for CD8
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The authors thank the volunteers for participating in this study and acknowledge the contributions of clinical research workers TSCM is consistent with higher in vivo recognition or exposure to these antigens (36) . However, in light of the low frequencies of M. tb-specific TSCM these data on functional profiles should be interpreted conservatively. The nature of cytokine expression by M. tb-specific TSCM cells requires more attention in future studies. In addition, co-expression of CCR6, observed in about a third of M. tb-specific TSCM, might indicate early polarization toward Th1/Th17 lineage, which has been described as the major CD4 + T cell subset responding to M. tb (21) . Finally, CCR5 expression, observed in about 20% of M. tb-specific TSCM, suggests that at least some M. tb-specific TSCM may have the potential to migrate to sites of infection (47, 48) and are not confined to the lymphoid compartment, despite CCR7 expression.
The ability of CD4 + T cells to produce cytotoxic molecules has been associated with high antigen exposure resulting in increased MHC-antigen-T cell receptor interaction and is mostly associated with late differentiated T cells with increased effector functions (38, 49, 50) . Cytotoxic CD4 + T cells have been well characterized in contexts of viral infections, where cytotoxic CD4
+ T cells either utilize granzyme B and perforin or Fas-FasL interactions to mediate killing of infected cells (49, 50) . Surprisingly, we found that CD4 + M. tb-specific T cells, including M. tb-specific TSCM cells, predominantly expressed granzyme A and/or K. Unlike granzyme B and perforin that mediate cytotoxic killing of infected cells, granzymes A and K, have been described as pro-inflammatory and cytokineinducing cytotoxic molecules (51) (52) (53) (54) . In fact, expression of granzyme A by γδ T cells mediated increased M. tb killing by macrophages (55) . Thus, expression of these cytotoxic molecules by M. tb-specific TSCM, TCM, and TEFF, in absence of granzyme B and perforin, may induce pro-inflammatory responses in macrophages at the site of infection, rather than mediate direct killing of M. tb-infected macrophages, which would require perforin to mediate entry of granzymes into infected cells.
We primarily employed MHC class II tetramers loaded with M. tb-epitopes to identify M. tb-specific CD4 + T cells directly ex vivo for transcriptional and phenotypic profiling (Figures S1A-D in Supplementary Material). MHC tetramers provide a method for detecting antigen-specific T cells directly ex vivo without the need for antigen stimulation, which can alter the function, phenotype and GE profiles of T cells. However, an important limitation to using MHC class II tetramers is that only T cells that bear the cognate TCR for a single peptide in the context of a single MHC allele can be studied. To address this, we employed several tetra-mers that allowed detection of CFP-10, ESAT-6, and Ag85-specific CD4 + T cells restricted by DRB1*0301, DRB1*0401, DRB5*0101, DPB1*0401, or DQB*0602, providing adequate coverage of the M. tb-specific CD4 T cell response and cohort. Another limita-tion of our study was our inability to characterize the proliferation and differentiation potential of purified M. tb-specific CD4 + TSCM cells, because very large number of cells (approximately 500 million PBMC per participant) would be required to sort at least 1,000 M. tb-specific tetramer + CD4 TSCM cells. This is only achievable by leukapheresis, which was not available at our clinical site, where study visits were performed. We provided indirect evidence for this by showing that the precursor frequencies of BCG-specific TSCM and TCM at the South African Tuberculosis Vaccine Initiative. EN is an ISAC Marylou Ingram Scholar.
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